Centrosomes nucleate and organize interphase microtubules and are instrumental in mitotic bipolar spindle assembly, ensuring orderly cell cycle progression with accurate chromosome segregation. We report that the multifunctional structural protein 4.1R localizes at centrosomes to distal/subdistal regions of mature centrioles in a cell cycle-dependent pattern. Significantly, 4.1R-specific depletion mediated by RNA interference perturbs subdistal appendage proteins ninein and outer dense fiber 2/cenexin at mature centrosomes and concomitantly reduces interphase microtubule anchoring and organization. 4.1R depletion causes G 1 accumulation in p53-proficient cells, similar to depletion of many other proteins that compromise centrosome integrity. In p53-deficient cells, 4.1R depletion delays S phase, but aberrant ninein distribution is not dependent on the S-phase delay. In 4.1R-depleted mitotic cells, efficient centrosome separation is reduced, resulting in monopolar spindle formation. Multipolar spindles and bipolar spindles with misaligned chromatin are also induced by 4.1R depletion. Notably, all types of defective spindles have mislocalized NuMA (nuclear mitotic apparatus protein), a 4.1R binding partner essential for spindle pole focusing. These disruptions contribute to lagging chromosomes and aberrant microtubule bridges during anaphase/telophase. Our data provide functional evidence that 4.1R makes crucial contributions to the structural integrity of centrosomes and mitotic spindles which normally enable mitosis and anaphase to proceed with the coordinated precision required to avoid pathological events.
Centrosomes nucleate and organize interphase microtubules and direct assembly of mitotic bipolar spindles responsible for accurate chromosome segregation in somatic vertebrate cells. Precise distribution of duplicated chromosomes to daughter cells is of paramount importance, since aberrant cell division is associated with genetic diseases and aneuploidy is a hallmark of malignant tumors (33) . Centrosomes consist of a cylindrical tubulin-rich centriole pair, the more mature (or mother) centriole having "appendages" at its distal end appearing to anchor microtubules (42) . Several proteins such as EB1, p150/ glued, and centriolin as well as distal appendage proteins, including ninein, outer dense fiber 2 (ODF2)/cenexin, and ε-tubulin differentiate mature from immature centrioles (2, 3, 15, 32, 44) . Recently, it was shown in Chlamydomonas that the mature centriole can position the daughter centriole and orient the nucleus (11) and that in Drosophila asymmetric cell division, the mature centrosome is always inherited by the stem cell (68) . Surrounding centrioles is a fibrogranular matrix-like structure termed the pericentriolar material (PCM) containing many protein complexes. For example, ␥-tubulin ring complexes (␥-TURCs) act as templates for nucleating microtubule growth (43, 59, 71) and pericentrin scaffolds appear to contact ␥-TURCs for microtubule nucleation and anchorage (7a) . Other proteins such as PCM-1 likely mediate microtubule anchoring via recruitment and assembly of subsets of centrosomal proteins (4) .
Centrosomes are very dynamic organelles duplicating, maturing, and separating in stages coupled with cell cycle progression. During G 1 , the centrosome contains a mature mother and an immature daughter centriole. During S phase, each centriole spawns a procentriole such that by S/G 2 , cells have two centrosomes, each of which contains a mother-daughter pair. In G 2 /M, centrosomes separate and form the spindle poles during mitosis. In many cases, loss of centrosome integrity, induced by depleting a centrosome protein, causes a p53-dependent G 1 /S arrest, sometimes even leading to increased senescence (41, 61, 63) . Although recently much has been learned about centrosomes, centrosomal structural components and functions remain only partially characterized, and mechanisms controlling centrosome duplication and interrelationships with cell cycle progression are not yet completely understood (47, 62) .
The multifunctional structural protein 4.1 was recently discovered to be an important new structural component of cell division machinery, detected in centrosomes and mitotic spindles as well as the midbody and the nucleus (5, 7, 29, 30, 36, 37) . Protein 4.1 formerly had been identified only as a crucial red cell adaptor protein, stabilizing spectrin-actin lattices and anchoring them to plasma membrane proteins. However, as adaptor proteins in nucleated cells, 4.1 isoforms could serve to integrate centrosomal structural components and thus be critical for the fidelity of centrosomal functions, such as mitotic spindle assembly, cytokinesis, and microtubule organization, regulating cell shape, polarity, motility, and intracellular transport (20, 27, 28, 53) .
Previously, we reported that protein 4.1 is an integral or "core" centrosome component, present at centrosomes independent of microtubules (29) . We also detected 4.1 epitopes in the basal bodies of murine, porcine, and Xenopus sperm (31) . By confocal microscopy in mammalian cells, 4.1 colocalizes with centriolar tubulin and was detected in the surrounding PCM and on fibers connecting centriolar pairs (29) . At higher resolution of whole-mount electron microscopy, 4.1 epitopes have a polar distribution on centrioles and decorate fibrous structures extending into the PCM (29) . We used the cell-free Xenopus egg extract system to probe 4.1 functions and showed by depletion/add back that 4.1 is essential for spindle, centrosome aster, and even self-assembled microtubule aster assembly. Furthermore, dominant-negative peptides corresponding to 4.1 domains impaired microtubule dynamics and organization (31) . Importantly, 4.1 has binding sites for microtubules (51) , the spindle pole focusing protein NuMA (nuclear mitotic apparatus protein) (36, 37) , and CPAP (centrosome protein 4.1-associated protein) (24) , a regulator of microtubule dynamics.
The essential involvement of 4.1 in centrosome and spindle biogenesis is potentially very significant within a larger context of cell and tissue physiology, since defective centrosomes can affect S-phase entry and the accuracy of mitosis and cytokinesis (8, 9, 41, 60, 61) . Recently, a 4.1 gene family was discovered, necessitating refinement in defining and distinguishing 4.1 family protein distributions, functions in subcellular structures, and possible effects on the cell cycle. The prototypical 4.1, now called 4.1R (red cell), is abundant both in erythroid tissues and nonerythroid cells. Other 4.1 genes have different mRNA distribution patterns: 4.1G is generally distributed (48, 65) , 4.1N is predominantly neuronal (64) , and 4.1B is detected mostly in the brain (50, 67) . These genes have some conserved subdomains in common (49) as well as unique regions, and some tissues may express more than one 4.1 gene (7, 49, 58, 66) . Thus, an important question is whether these 4.1 proteins have unique, redundant, or synergistic functions.
We report here that at centrosomes 4.1R is specifically a mature centriole protein, predominately localizing to distal/ subdistal regions of mature centrioles in a cell cycle-dependent pattern. To selectively probe 4.1R function, we used RNA interference (RNAi)-mediated depletion without affecting 4.1G levels in cells expressing only these two 4.1 family members. By abrogating 4.1R function, we characterized a pleiotropic phenotype involving altered centrosomal and spindle structural and functional integrity, impaired anaphase/telophase, and an S-phase delay in transformed cells. Importantly, the effects of 4.1R depletion on centrosome integrity were not dependent on its effects on cell cycle progression. In untransformed cells with intact p53, 4.1R depletion induced G 1 accumulation, similar to the effect reported for depletion of many other centrosomal proteins (41, 61, 63) .
MATERIALS AND METHODS
Cells and media. WI38, CaSki, and HeLa cells were obtained from American Type Culture Collection and grown at 37°C with 5% CO 2 . WI38 and HeLa cells were cultured in Dulbecco modified Eagle medium-H21 (Gibco BRL) and CaSki in RPMI 1640 (Cell Gro), both supplemented with 10% fetal calf serum and penicillin-streptomycin, as described previously (30) . RPE-1 cells (Clontech) were cultured in Dulbecco modified Eagle medium-F-12. WI38 and HeLa cells were synchronized by double thymidine block using 2 mM thymidine. After an initial 16-h block, thymidine was washed out, and cells were released in S phase and then reblocked with thymidine for 15 h.
Immunofluorescence. Cells grown on coverslips were fixed for 10 min in Ϫ20°C methanol and stained by indirect immunofluorescence as described previously (30) . Anticentrin (20H5) was the kind gift of J. Salisbury (Mayo Clinic Foundation, Rochester, MN), mouse antininein was provided by G. Chan (Alberta Cancer Board, Alberta, Canada), rabbit anti-C-Nap1 was from E. Nigg (Max-Planck Institute, Martinsreid, Germany), anti-ODF2 MAb101 was from S. Tsukita (Kyoto University, Japan), and CREST serum was from A. von Hooser (University of California-Berkeley, Berkeley, CA). Affinity-purified rabbit antibodies against 4.1R and N were described previously (30, 58, 70) . Chicken anti-4.1G was raised against a six-His peptide encoding the U1 region of human 4.1G (EP41L2) containing 217 amino acids following the AUG1 start site (48) . Affinity-purified immune immunoglobulin Y was analyzed to confirm no crossreaction with recombinant 4.1R, 4.1B, or 4.1N or with red blood cell 80-kDa 4.1R or an irrelevant six-His peptide. Commercial antibodies were rat antitubulin YL1/2 (Abcam), monoclonal GTU88 against ␥-tubulin (Sigma), monoclonal anti-p150, monoclonal anti-C-Nap1 (BD Transduction Labs), rabbit antipericentrin (Covance), rabbit anti-Ki67 (BD Biosciences), and rabbit anti-phosphohistone 3 (Upstate). Secondary antibodies with minimal species cross-reactivity were from Molecular Probes or Jackson ImmunoResearch. Parallel samples probed with equal amounts of control nonimmune immunoglobulin G (IgG) or without primary antibody showed no fluorescent patterns under conditions used for experimental samples. DNA was stained with 4,6-diamidino-2-phenylindole (DAPI) (Vectorshield; VectoLabs). Images were acquired with a Nikon Eclipse 2000 using a 60ϫ lens objective with a numerical aperture of 1.4 equipped with a Retiga Ex camera and ImagePro or, where indicated as deconvolved, with a Deltavision microscope on an Olympus IX70 platform with a 100ϫ lens objective with a numerical aperture of 1.35. Images were processed using Adobe Photoshop, and quantification of immunofluorescence signals was done using ImageJ (http://rsb.info.nih.gov/ij/). Ninein immunofluorescence was scored as abnormal not only when the signals were dispersed relative to the circumscribed pattern in control cells but also when the pixels and area exceeded at least twice or were less than half that of the averages measured in 15 representative immunostained control cells. Microtubule regrowth. siRNA-transfected and control HeLa or CaSki cells were incubated for 30 min at 4°C and then with 33 M nocodazole for 30 min at 37°C to completely depolymerize microtubules. After washing out nocodazole with fresh media, regrowth was induced in cells incubated for indicated times at 37°C in prewarmed media. Samples were washed in phosphate-buffered saline, pH 7.4, containing 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 1 mM MgCl 2 , 1 mM EGTA, 137 mM NaCl, and 8.1 mM NaHPO 4 and fixed in Ϫ20°C methanol for immunostaining.
Flow cytometry. Cells were either stained with propidium iodide alone or pulse-labeled for 30 min with 10 g/ml bromodeoxyuridine (BrdU) (Sigma), fixed in methanol, and stained with propidium iodine and anti-BrdU (Becton Dickinson). Ten thousand cells were collected for each sample on a FACSCalibur (Becton Dickinson) and analyzed using Cellquest Pro (Becton Dickinson). Cells labeled with propidium iodide alone were analyzed using a Guava EasyCyte (Guava Technologies).
RESULTS
Protein 4.1R preferentially localizes to mature ("mother") centrioles in the distal/subdistal region. 4.1R and 4.1G contain highly homologous spectrin/actin binding and C-terminal domains, two domains we reported as critical for microtubule organization and dynamics in a cell extract system (31) (Fig.  1A) . To discriminate between these two 4.1 family members, we used antibodies tested to be specific for 4.1R and detected focal 4.1R immunofluorescent signals at centrosomes in a variety of cultured mammalian cells. Using deconvolution analysis, in asynchronous populations, 4.1R localized close to centrioles labeled with anticentrin (Fig. 1B , panels a and b).
To more precisely investigate these centrosomal distributions, we compared 4.1R distribution to several key centrosomal proteins. Significantly, 4.1R localized at one of two or two of four centrioles labeled by centrin staining in several different cell types (Fig. 1B , panels a and b) or at a subset of supernumerary centrioles, as observed in human osteosarcoma U-2 OS cells (unpublished data). The 4.1R epitopes were consistently at centrioles bearing mature centriole marker p150/glued, part of the dynein/dynactin microtubule motor complex (Fig. 1B , panel c) (35, 56, 57) and colocalized extensively with ninein ( Fig. 1B, panel d) , a signature component of subdistal appendages of mature centrioles. Furthermore, 4.1R epitopes were in close proximity to another distal/subdistal appendage protein ODF2/cenexin but did not colocalize extensively with C-Nap1, a protein known to localize to proximal ends of centrioles ( Fig. 1BЈ) (12, 22, 25, 32, 44) . Taken together, these experiments define 4.1R as a newly recognized component of the distal/subdistal area of mature centrioles as observed by deconvolution microscopy and localization relative to centrosomal markers.
Distribution of centrosomal 4.1R during progression through interphase. As a protein component of mature centrioles, 4.1R would be expected to associate with the second maturing centriole during completion of G 2 phase. To test this prediction, we analyzed the distributions of 4.1R epitopes in synchronized diploid human fibroblasts using the microtubule anchoring protein ninein as a mature centriole marker (46). 4.1R colocalized with ninein at a single centriole in a ring-shaped distribution in G 1 , extended to a second ninein-labeled maturing centriole during S phase (one and a half rings), and colocalized with ninein at both mature centrioles (two-ring pattern) during G 2 ( Fig. 1C ) (46) . We also observed that 4.1R had a similar cell cycle-dependent distribution relative to ODF2 epitopes (44) (Fig. 1C) . Therefore, centrosomal 4.1R localization varies during cell cycle progression, accumulating at centrioles as they mature as marked by ninein and ODF2.
4.1R RNAi affects microtubule organization during interphase. Because 4.1R localization at mature and newly maturing centrioles appeared to be specifically in the region of distal/subdistal appendages, we reasoned that centriole morphogenesis and microtubule organization would be affected in cells depleted of 4.1R. To test this hypothesis, we first surveyed 4.1 family members expressed in various mammalian cells using gene-specific antibodies to identify cells that expressed only 4.1R. No cell line tested expressed exclusively 4.1R. However, CaSki cells and human diploid fibroblasts contained only 4.1R and 4.1G, a combination of 4.1 proteins that therefore must be sufficient for cell division. HeLa and U-2 OS cells additionally contain minor amounts of 4.1N, while thymocytes expressed 4.1R, 4.1G, and 4.1B (data not shown).
To explore 4.1R functions in intact cells, RNAi-mediated protein depletion experiments were performed. After transfection with a mixture of three RNA duplexes targeting 4.1R mRNA, Western blot analysis of a time course experiment showed that 4.1R protein levels were significantly reduced (70 to 85%) at 72 to 120 h ( Fig. 2A) . No significant effects on protein levels were detected at 24 h, and only partial inhibition (ϳ50%) was evident at 48 h (data not shown). It was crucial to evaluate whether 4.1R depletion also decreased 4.1G, since this family member contains regions that are highly homologous. 4.1G expression did not decline in RNAi-treated cells relative to controls; thus, silencing was specific for 4.1R expression ( Fig. 2A) . Transfection with individual RNAi duplexes also specifically targeted 4.1R, providing an additional control for off-target effects. A fourth control duplex with a variant sequence or mock transfection (Lipofectamine 2000 without duplex) did not affect 4.1R expression.
Using CaSki or HeLa cells, we specifically downregulated Fig. 2B and BЈ) . We also observed 26% of cells with abnormally dispersed ninein staining in 4.1R RNAitreated cells relative to its characteristic circumscribed distribution in 97% of controls ( Fig. 2C and CЈ) . In 4.1R RNAitreated cells simultaneously probed for ninein and tubulin, 79% of cells with disorganized microtubules also had perturbed ninein. In additional double-label experiments in which 50 cells with perturbed ninein were examined, 78% had normal C-Nap1 staining, while 53% had aberrant ODF2 patterns ( Fig.  2C and CЈ) . However, centrosomes with dispersed ninein had normal numbers of centrin-stained centrioles (either two or four), and ␥-tubulin staining in the PCM was not affected (Fig.  2C) . These results suggest that 4.1R depletion at centrosomes affects distal/subdistal appendage structural proteins ninein and ODF2 with little apparent effect on proximal protein C-Nap1, centriolar protein centrin, or ␥-tubulin-containing microtubule nucleating complexes.
To further dissect the mechanism underlying the microtubule whorling phenotype, we tested whether microtubule nucleation and/or regrowth were impaired in 4.1R-depleted cells. Following microtubule depolymerization by cold and nocodazole exposure/washout, we did not find detectable differences in microtubule nucleation and regrowth between control and 4.1R RNAi-treated cells up to 20 min even when ninein distribution was abnormal (Fig. 2D, top) . However, at 25 min, we observed asters in 4.1R RNAi-treated cells in which radial microtubules are distinctly separated from the centrin-stained centrosome (Fig. 2D, middle) . At longer times of regrowth, there was an increased frequency of microtubule disorganization and microtubules not emanating from a focus of either centrin or perturbed ninein (Fig. 2D, bottom, and DЈ) . Thus, 4.1R is required for microtubule anchoring at centrosomes but not required for microtubule nucleation from centrosomes. These results are consistent with our observations that in response to 4.1R depletion, ninein and, to a lesser extent, ODF2 localization are perturbed, while ␥-tubulin staining is normal.
4.1R RNAi affects progression through the centrosome cycle. In addition to quantitating centrosomal ninein perturbation after 4.1R RNAi treatment, we analyzed 4.1R-depleted cells with normal ninein patterns to assess centrosome maturation. Compared to controls, 4.1R RNAi-treated populations contained more cells with one and a half ninein rings (S phase) and fewer cells with two ninein rings (G 2 ), indicating that progression toward centriole maturation during S phase was altered ( Fig. 2E and see Fig. 3 below) . Furthermore, in cells with two ninein rings, we quantitated those in which two centrosomes were separated versus juxtaposed. Normally in prophase, mature centrosomes separate and migrate around the nucleus as nuclear envelope breakdown proceeds, culminating in bipolar spindle pole formation. We observed that in asynchronous 4.1R RNAi-treated cultures, cells with two centrosomal ninein rings had about a threefold-lower frequency of separation of the two mature centrioles (Fig. 2F) . This result indicates that even when there are two mature centrosomes with apparently normal ninein distribution in RNAi-treated cells, 4.1R downregulation impedes their capacity to efficiently separate in order to establish a bipolar spindle capable of accurate chromosome segregation. Thus, 4.1R is required for efficient centrosome separation independent of disrupting ninein.
4.1R RNAi-treated cells have increased G 1 phase and decreased G 2 /M populations in cells with functional p53. It is well established that the centrosome duplication/maturation cycle is intimately coordinated with the cell cycle in most cells (9, 19, 39) . Since depleting 4.1R affected the distribution of the mature centriolar marker ninein, altered centrosome separation, and slowed the growth rate relative to controls ( Fig. 2E and F; also data not shown), we tested whether cell cycle progression was altered. It was recently reported that centrosome defects could cause p53-dependent cell cycle alterations (41, 61, 63) . Therefore, we analyzed effects of 4.1R depletion in telomerase-immortalized diploid human cells with normal p53 (RPE-1 cells). In 4.1R RNAi-treated RPE-1 cells, with 93% 4.1R depletion, there was an increased proportion of G 1 cells shown both by analyzing cells stained with propidium iodide and by probing for the proliferation marker Ki67 (Fig. 3A, B , and BЈ). The 4.1R-depleted cells also had a significantly increased frequency of abnormal ninein distribution at centrosomes (Fig. 3C) . These results show that, similar to depletion of many other centrosome proteins (41, 61, 63), 4.1R depletion affects G 1 progression dependent on p53.
4.1R RNAi-treated cells have increased S-phase and decreased G 2 /M-phase populations in cells with compromised p53.
In order to test whether a cell cycle delay caused by 4.1R depletion can be overcome in cells without functional p53, we analyzed the effect of 4.1R depletion on cell cycle progression in CaSki and HeLa cells. Dual-color flow cytometry analyzing BrdU incorporation versus DNA content stained with propidium iodide showed that 4.1R RNAi-treated cells had increased numbers of cells in S phase and decreased numbers of cells in G 2 /M (Fig. 3D) . Furthermore, we noted that more 4.1R RNAi-treated cells incorporating BrdU in S phase appeared to be in the earlier part of S phase relative to the control population ( Fig. 3D and E) . The finding that there is a larger proportion of cells in S phase after 4.1R RNAi exposure and a lesser proportion in G 2 /M (Fig. 3F) is consistent with our independent data evaluating ninein staining patterns showing 
4.1R RNAi perturbs ninein independent of S-phase delay.
To address whether the loss of centrosome structural integrity during 4.1R depletion is secondary to an S-phase delay, we used double thymidine synchronization to test for aberrant ninein centrosomal distribution under conditions where 4.1R is depleted prior to S-phase entry. After an initial 2 mM thymidine exposure, which blocks cells in all stages of S phase, thymidine was washed out to release cells from the S-phase block and cells were transfected with 4.1R RNAi duplexes. After S-phase transit, there was no detectable 4.1R depletion (Fig. 3G) . After the second thymidine exposure, 87% of cells were blocked at the G 1 /S transition ( Fig. 3H ) with 66 to 68% depletion of 4.1R (Fig. 3G) indicating that 4.1R depletion occurred subsequent to S-phase transit and prior to reentry into S phase. Importantly, 21% of the G 1 /S population had aberrant ninein distributions (Fig. 3I) . These data clearly show that 4.1R depletion can perturb ninein independent of its effects on S-phase progression. Thus, disruption of centrosome integrity is a primary effect of 4.1R depletion, rather than a secondary effect of S-phase delay.
Mitotic spindle defects in cells treated with 4.1R RNAi. We previously showed that 4.1 has critical mitotic functions in spindle assembly and maintenance in Xenopus egg extracts using dominant-negative peptides corresponding to 4.1R domains (31) . Since mammalian centrosomes (precursors of spindle poles) contain 4.1R, we wanted to dissect 4.1R-specific effects on mammalian mitotic spindle formation in vivo using 4.1R RNAi duplexes under conditions we knew did not decrease 4.1G levels. To gain functional insight into mitotic defects caused by 4.1R depletion, we used a variety of informative spindle and chromatin probes to characterize mitotic spindles in CaSki and HeLa cells by double-label immunofluorescence (Fig. 4) .
Control mitotic cells have focused spindle poles with centrin and ninein and are capped by NuMA epitopes. Ninein has been detected at spindles as well as at centrosomes (2a, 46), although after using an antibody against the ninein CII region, it was reported to diminish during mitosis (3a) . In these control cell spindles, bipolar microtubule arrays emanate toward a metaphase plate with regularly aligned kinetochore epitopes (stained by CREST antibody) on the condensed chromatin (Fig. 4A) . In contrast, 4.1R depletion resulted in three major classes of mitotic spindle defects with a distribution of 11% monopolar, 29% multipolar, and 42% bipolar with decondensed, misaligned chromatin and dispersed CREST staining (Fig. 4B to D) .
Monopolar spindles (Fig. 4B) have chromatin organized in a rosette pattern with a central polar area containing centrioles marked by centrin. Two categories of ninein staining were observed: either perturbed or two ninein rings in close proximity indicative of mature unseparated centrosomes. NuMA, a 4.1 binding partner, is diffuse in the polar region, and centromeres are unpaired (CREST staining).
Multipolar spindles observed after 4.1R downregulation (Fig. 4C ) have multiple poles marked by paired centrin dots and ninein epitopes with weakly or strongly convergent microtubules. We noted that multipolar spindles can have both perturbed and unperturbed ninein. The multiple poles were also marked by ␥-tubulin (data not shown). Strikingly, NuMA is markedly mislocalized, and poles are broadened. Chromatin is relatively uncondensed with misaligned centromeres.
The third class of perturbed spindles, bipolar spindles with misaligned, uncondensed chromatin (Fig. 4D) , also had NuMA broadly distributed at poorly focused poles and mislocalized at nonpolar areas. Furthermore, spindle microtubules were disorganized, and centromeres were unpaired.
Using these multiple combinations of spindle and chromatin protein probes, quantitation of 4.1R RNAi-treated cells revealed a dramatic increase in mitotic abnormalities by 96 h (81% in CaSki cells and 78% in HeLa cells) compared with 8% in control cells. Mitotic defects were also observed after 4.1R RNAi treatment in RPE-1 cells (data not shown). Thus, in intact mammalian cells, 4.1R is required for the fidelity of proper spindle pole formation likely by impacting the integrity of precursor centrosomes and microtubule focusing at spindle poles.
Lagging chromosomes and cytokinesis defects are detected in 4.1R RNAi-treated cells. Since properly anchored and organized microtubules at centrosomes and spindles are prerequisites for proper chromosome segregation and cytokinesis, we predicted that knockdown of 4.1R expression might produce defects at these stages of mitosis. Indeed, 4.1R RNAi-treated anaphase/telophase cells often displayed lagging chromatin trapped between nascent daughters and inappropriately localized spindles (Fig. 5A, top and middle panels) . Furthermore, while control cells at cytokinesis were connected by short bun- (Fig. 5A , lower panels). Anaphase/telophase defects were apparent in 35% of 4.1R RNAi-treated cells (Fig. 5B) . In sum, 4.1R depletion causes centrosomal and mitotic spindle abnormalities that likely contribute to improper chromosome segregation and aberrant intercellular bridges.
DISCUSSION
It was only recently recognized that protein 4.1 is not exclusively a red cell protein but in fact is abundant in most nonerythroid and erythroid cells. Additionally, earlier characterizations of "protein 4.1" in mammalian cells now have to be revisited in light of the discovery of a 4.1 gene family. Here we report evidence that at centrosomes 4.1R is a mature centriole protein.
To understand potential functions of 4.1R at mature centrioles, we first examined in detail its distribution relative to several centrosomal markers. We found that 4.1R surrounds one or two centrin-marked centrioles, was itself surrounded by mature centriole markers p150/glued, associates with mature centriole bearing ODF2 epitopes, and colocalizes extensively with the subdistal appendage maker ninein (42, 44) . However, 4.1R epitopes are largely noncoincident with C-Nap1 at the proximal ends of centrioles. We also found that 4.1R epitopes were consistently targeted in tandem with ninein and ODF2 to newly maturing centrioles during centriole duplication, unlike some other proteins, such as Nudel, that arrive after ninein (18) . 4.1R localization at centrosomes is not dependent on microtubules (29) , and our data reported here suggest that 4.1R may be an integral component of centrioles bearing distal/subdistal appendages.
To directly explore 4.1R centrosome function, we specifically downregulated 4.1R but not 4.1G expression in cultured mammalian cells. After 4.1R depletion, distribution of centrosomal ninein and, to a lesser but significant extent, ODF2 was aberrant, demonstrating that 4.1R deficiency has a direct effect on mature centrosome structure and may modulate organization of several distal/subdistal proteins. Since localization of ␥-tubulin, the defining member of the ␥-TURC, was normal, we speculated that abrogating 4.1R expression may perturb ninein's microtubule anchoring functions but not ␥-tubulin microtubule nucleating functions. In fact, it was reported that mutations in ninein can cause microtubule anchoring defects without perturbing ␥-TURC localization (6) . We tested our hypothesis by analyzing microtubule regrowth which was similar to that in controls. Interestingly, ectopic overexpression of a variant 4.1R isoform also does not impair microtubule nucleation/regrowth (52) . We did find that 4.1R-depleted cells had a loss of focused microtubule arrays, thus confirming that 4.1R is involved in microtubule anchoring at centrosomes. Microtubule anchorage and radial organization depend on many proteins, and anchorage occurs both at mature centriolar subdistal appendages and in the PCM. Our data indicate that 4.1R functions specifically in microtubule anchorage at mature centrioles. Future experiments will test direct interactions of 4.1R with mature centriole microtubule anchoring proteins to uncover relevant molecular mechanisms. In sum, our data show that 4.1R is a component of mature centrioles, required for proper localization of other mature centriole proteins, such as ninein and ODF2, and contributes to the microtubule anchoring function of mature centrioles.
Depletion of centrosome proteins can alter cell cycle progression, and in cells with functional p53, loss of centrosome integrity can specifically prevent entry into S phase. For example, centrosomal PCM1 depletion induces a p53-dependent exit from the cell cycle in MRC-5 cells (61) , and depleting various other centrosomal proteins in RPE-1 cells induces a p53-dependent G 1 -S arrest or partial arrest (41) . We found that 4.1R depletion delays transitioning into S phase in untransformed RPE-1 cells, supporting the important role of 4.1R in centrosome structure. Although 4.1R depletion does (1, 9, 34, 45, 55) . In addition to its functions at interphase centrosomes and in cell cycle regulation, 4.1R is required for formation of mitotic bipolar spindles and for proper cytokinesis. As previously reported (23), aberrant mitotic spindles were found after downregulation of 4.1R. Here we have analyzed three classes of mitotic defects which are likely linked to specific 4.1R functions at centrosomes and spindle poles. Some monopolar spindles had normal double-ring ninein patterns, resulting from decreased centrosome separation at prophase, as predicted by our evidence that 4.1R is required for efficient centrosome separation independent of ninein perturbation. Other monopolar spindles had centrosomes with perturbed ninein at the single pole, reflecting the fact that centrosomes with perturbed ninein were able to enter prophase as shown independently by phosphohistone H3 staining (unpublished observations) but that these centrosomes were unable to separate at G 2 /M. Additionally the 4.1 binding partner NuMA, a protein required for highly focused spindle poles (14, 40) was mislocalized in monopolar spindles. Monopolar spindles have been observed following injection of anti-NuMA into cells (69) . Thus, perturbation of several centrosomal and spindle proteins in 4.1R-depleted cells likely contributes to monopolar spindle formation during mitosis.
Multipolar spindles resulting from 4.1R downregulation could be generated in several ways, such as centrosome overduplication, pole fragmentation, cytokinesis failure, and/or NuMA mislocalization (26) . Since most all poles contained paired centrin-stained centrioles, ␥-tubulin, and ninein, along with the fact that HeLa cells are not prone to centrosome overduplication even when stressed by hydroxyurea treatment (72) , it appears that neither centrosome amplification nor pole fragmentation is a major source of the multipolarity we observed. Rather we attribute multipolar spindle formation mechanistically to cell division failure that was observed in 4.1R-depleted cells, similar to what has been observed for Aurora A overexpression (38) . This is further supported by our observation that in 4.1R RNAi-treated cultures, only multinucleated or enormous mononucleated cells had more than two centrosomes. Of cells with four or more centrioles (by centrin or C-Nap1 staining), 92% were ninein positive, with 64% having four or more ninein staining rings and the remainder having perturbed ninein distribution at centrioles (S. Krauss, unpublished observations). Thus, these centrioles, potentially giving rise to multipolar spindles, had progressed into late G 2 /M to acquire a maturation-specific protein. A similar diagnostic for centriole amplification due to failed cell division has been described for Cep170 labeling (17) .
The final class of mitotic spindle defects resulting from 4.1R depletion was bipolar spindles with misaligned, uncondensed chromosomes. Microtubule interactions with kinetochores are a prerequisite for correct chromosome alignment and segregation (13, 54) . Therefore, these spindles likely resulted from aberrant precursor centrosome structure and improper microtubule organization/anchorage leading to the failure to establish proper bipolar spindle architecture, poorly condensed misaligned chromatin, and dispersed kinetochores. Additionally, a chromosome missegregation phenotype has been reported after NuMA RNAi (10) .
In sum, 4.1R depletion leads to structurally aberrant centrosomes during interphase and at the onset of mitosis, to insufficient centrosome separation (an effector of spindle bipolarity), and to decreased centrosome-anchored microtubules that could contribute not only to spindle defects but also to mechanisms responsible for subsequent chromosome missegregation, spindle dysmorphology, and improper tubulin bridge formation at anaphase/telophase. Several laboratories have reported that centrosomal function and the completion of cytokinesis are interrelated (15, 21, 28) and, more specifically, that the maternal centriole moves to the intercellular bridge before the completion of cytokinesis (53) . However, we do not exclude possible direct roles of 4.1R in cytokinesis as was reported recently for the centrosome scaffolding protein centriolin (15, 16) .
The spectrum of pleiotropic defects generated when 4.1R is depleted is strongly predictive of inaccurate chromosome segregation, especially in cells with defective p53. 4.1R at centrosomes or even elsewhere appears critical for molecular networks integrating centrosome maturation and microtubule anchorage, centrosome separation, and effective assembly of bipolar spindles capable of faithful chromosome distribution to daughter cells during cytokinesis. Our investigations highlight a role of 4.1R as a multifunctional structural protein component of mature centrioles ensuring the integrity of cell division and suggest that loss or decrements in 4.1R function may lead to as yet unrecognized pathological consequences.
